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landscapes	 covering	 two	 independent	 gradients	 of	OSR	 cover	 and	 semi-	natural	














showed	 a	 strong	 negative	 effect	 on	 community	 growth	 rate.	 Despite	 positive	
density-	dependent	 parasitism,	 antagonists	 had	 only	 weak	 regulating	 effects	 on	
community	growth	rate.





nests	 benefit,	 not	 only	 early	 season	 active	 generalist	 bees	 during	 oilseed	 rape	













of	pollinator-	dependent	crops	 is	 increasing	more	 than	 the	supply	of	






2005;	 Roulston	 &	 Goodell,	 2011;	Wcislo	 &	 Cane,	 1996).	 However,	
these	bottom-	up	resources	have	become	increasingly	scarce	in	agro-
ecosystems	 (Potts	 et	al.,	 2010).	 Adding	 artificial	 nesting	 sites,	 such	
as	 trap	 nests	 for	 above-	ground	 nesting	 bees,	 can	 be	 a	 prominent	
intervention	to	 improve	the	availability	of	nesting	resources	for	soli-
tary	cavity-	nesting	bees	 (Garibaldi	et	al.,	2014;	Goulson	et	al.,	2015;	
Tscharntke,	 Gathmann,	 &	 Steffan-	Dewenter,	 1998).	 In	 particular,	
trap	nests	have	been	found	to	promote	crop	pollinators	 (Artz,	Allan,	






populations	 (Garibaldi	 et	al.,	 2014;	 Scheper	 et	al.,	 2013).	 Pollen	 and	
nectar	resources	from	crops	may	also	contribute	substantially	to	hab-
itat	 quality	 (Holzschuh,	 Dormann,	 Tscharntke,	 &	 Steffan-	Dewenter,	
2013).	 For	 example,	 mass-	flowering	 crops	 (MFCs)	 like	 oilseed	 rape	
(OSR)	can	provide	large,	albeit	temporally	restricted,	amounts	of	food	









ing	 sites	 (Roulston	 &	 Goodell,	 2011)	 and	 the	 discontinuity	 of	 food	
resources	 after	OSR	 flowering	 (Riedinger,	 Renner,	 Rundlöf,	 Steffan-	
Dewenter,	 &	 Holzschuh,	 2014;	 Riedinger	 et	al.,	 2015;	 Williams	 &	
Kremen,	2007)	 can	be	other	 factors	 that	 limit	bee	populations.	The	
current	understanding	of	the	effects	of	resource	availability	on	trap-	











despite	 the	 hypothesized	 importance	 of	 natural	 antagonists	 (also	















(spring)	 and	 after	 (summer)	 the	 OSR	 flowering,	 in	 addition	 to	 the	
amount	of	OSR	and	SNHs	in	the	landscape.	In	two	European	regions,	
we	exposed	artificial	trap	nests	in	paired	field	boundaries	adjacent	to	
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1. Trap-nesting bees are limited by the quantity of nesting and flower 
resources in the landscape.	 Increasing	 cover	 of	 early	 flowering	
OSR	would	provide	more	 resources	 in	 spring,	 thereby	enhancing	
population	 size	of	 early	 trap-nesting	 bees,	 as	well	 as	 community	
diversity	 (mainly	 early	 generalist	 species).	 Such	 effects	 may	 de-
pend	 on	 the	 amount	 of	 SNH	 in	 the	 surrounding	 landscape,	
showing	 greater	 benefits	 in	 complex	 landscapes	where	 nest	 site	
availability	 is	 less	 limited	 (i.e.	 cross-habitat	 spillover	 from	 SNH	
to	 OSR;	 Holzschuh	 et	al.,	 2013)	 and	 flower	 resources	 are	 more	
abundant	and	relatively	stable	over	time.	In	summer,	we	expected	
that	 later	 foraging	 species	 benefit	 from	 the	 availability	 of	 alter-
native	 flower	 resources	 other	 than	 OSR	 (Mandelik,	 Winfree,	
Neeson,	 &	 Kremen,	 2012)	 and	 the	 amount	 of	 SNH	 in	 the	 land-
scape.	 Further	 evidence	 for	 resource	 limitation	 should	 result	
from	 a	 negative	 relationship	 between	 community	 growth	 rate	
and	 community	 size.






3. Additional resources provided by OSR reduce the impact of top-down 
regulation of bee populations by natural antagonists.	 During	mass-
flowering,	the	top-down	regulation	by	natural	antagonists	may	be	
diluted	by	an	increase	in	nest-building	resulting	from	an	increase	in	
the	 amount	 of	 OSR	 in	 the	 landscape	 (Jauker,	 Peter,	Wolters,	 &	
Diekötter,	2012).
2  | MATERIALS AND METHODS
2.1 | Sampling design
The	study	was	conducted	 in	2011	and	2012	 in	 two	 regions,	one	 in	
Germany	 in	 the	 surroundings	 of	 Würzburg	 (Bavaria,	 49°44′53″N,	
9°51′34″E)	and	the	other	 in	the	Netherlands	in	the	surroundings	of	
Lochem	 (Gelderland,	 52°9′31″N,	 6°24′33″E).	 In	 each	 study	 region,	









portions	of	OSR	and	SNH	 in	a	1	km	buffer	 (i.e.	 for	 field	boundaries	























was	 applied	 to	 determine	 the	 FR,	 both	 during	 (FRearly,	 early	 season	





















quantified	 the	 following	parameters	 to	characterize	 the	 local	 com-
munities	within	each	field	boundary	and	for	each	season	and	year,	






growth	rate	was	calculated	as	rt = ln(Nt/Nt−1),	where	Nt and Nt−1 were 
the	total	number	of	brood	cells	at	time	t	(second	year)	and	t	−	1	(first	
year)	(Turchin,	2003).
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2.3 | Statistical analysis
We	used	linear	mixed	models	(LMMs)	to	assess	the	effect	of	bottom-
	up	 and	 top-	down	 forces	 on	 wild	 bee	 populations	 and	 community	
structure.	Region	 ID	and	 landscape	 ID	were	 included	 in	 the	models	
as	random	factors	(‘random	intercept	models’).	In	a	preliminary	anal-
ysis,	we	 tested	 for	 random	 slope	 effects	 (region-	level	 slope	 for	 the	
landscape	effect,	that	is,	OSR	or	SNH	cover),	but	found	no	evidence	
that	 such	 effects	 improved	 model	 fit	 (Akaike	 information	 	criterion	




ity	 rates)	were	 logit	 transformed	 and	bee	 richness	was	 square-	root	
transformed.	Finally,	we	calculated	Cook’s	distance	to	verify	whether	
extreme	observations	represented	influential	points	using	the	R	pack-
age	 ‘influence.ME’	 (Nieuwenhuis,	 te	Grotenhuis,	&	Pelzer,	2012).	 In	
























(i–iv),	we	used	bee	 richness	 and	 community	 size	 (number	 of	 brood	
cells)	as	response	variables.	Model i:	we	used	the	trap	nest	data	col-
lected	 during	OSR	 flowering	 in	 the	 first	 year	 of	 the	 experiment	 to	
test	 the	effect	of	OSR	on	bees	using	 field	boundary	 type	and	OSR	
cover	as	predictors	in	the	model.	Model ii:	we	assessed	the	effect	of	
late-	season	 landscape-	wide	FR	availability	 (FRlate)	on	bees	and	 field	
boundary	type	in	the	model	using	the	trap	nest	data	collected	after	
OSR	 flowering.	Models iii and iv:	we	 analysed	 the	data	 in	 the	 same	
way	as	we	did	in	models	(i)	and	(ii),	using	the	trap	nest	and	landscape	
data	 collected	 in	 the	 second	 year.	Also,	we	 tested	 the	possible	 ef-
fect	of	crop	rotation	using	the	interannual	change	of	OSR	proportions	
(∆OSR)	as	a	covariate	in	the	models	(iii)	and	(iv)	and	calculated	as	fol-
lows:	∆OSR	=	(OSR2012	−	OSR2011)/OSR2011.	 In	 all	 the	models	 (i–iv),	
we	 included	 SNH	 cover	 and	 LI	 as	 covariates.	 Then,	 we	 compared	
model	performance	using	early	season	landscape-	wide	FR	availability	
(FRearly)	instead	of	OSR	cover	in	models	(i)	and	(iii)	as	the	two	meas-






parameter	 estimates	 (Burnham	 &	 Anderson,	 2002).	 We	 reported	
95%	confidence	 intervals	 (CIs)	around	model-	averaged	partial	slope	
coefficients.




and	 landscape	 factors	on	parasitism	 rate	using	 the	 same	procedure	
described	for	the	analysis	of	community	models.
2.3.4 | The effects of bottom- up and top- down 
forces on community dynamics
Although	a	2-	year	study	is	not	ideal	in	revealing	community	dynam-
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3.1 | Annual changes in community and 
population size
We	 found	 a	 significant	 interaction	 effect	 of	 season	 and	 year	 on	
the	 number	 of	 brood	 cells	 (LMMs:	 F1,144.1	=	7.12,	 p	=	.009).	 The	
average	number	of	brood	cells	per	site	and	year	 (mean	±	SE)	 sig-
nificantly	 increased	 from	180	±	30	 in	2011	 to	567	±	89	 in	2012.	
While	 there	 was	 no	 difference	 comparing	 the	 nest	 colonization	
during	 (192	±	55)	and	after	OSR	 flowering	 (170	±	30)	 in	 the	 first	
year	of	the	experiment,	we	found	a	stronger	increase	in	brood	cells	
during	 (666	±	150)	 compared	 to	 after	 OSR	 flowering	 (465	±	94)	
in	 the	second	year.	At	 the	population	 level,	we	also	 found	a	sig-
nificant	 interaction	 of	 season	 and	 year	 for	 O. bicornis	 (LMMs:	
F1,144.4	=	4.15,	p	=	.043).	In	this	case,	a	larger	number	of	brood	cells	
was	 constructed	 during	 rather	 than	 after	OSR	 flowering	 in	 both	
years	 (Figure	1a).	 Considering	 non-	O. bicornis	 species,	 we	 only	
found	 a	 significant	 effect	 of	 the	 season	 (LMMs:	 F1,148.2	=	132.7,	
p	<	.001)	 inferring	an	 increase	 in	brood	cells	after	OSR	flowering	
(Figure	1b).
3.2 | Local and landscape effects on community  
richness








ries	 adjacent	 to	 non-flowering	 crops	 (Figure	2a;	 see	 Appendix	 S2,	
Figure	S1a).
In	 the	 second	 year,	 species	 richness	 during	 OSR	 flowering	was	
best	 predicted	 by	 field	 boundary	 type,	 flower	 resource	 availability	
(both	OSR	 cover	 and	 FRearly)	 and	 SNH	 cover	 (Σwi	>	0.80;	 Figure	2a;	
see	Appendix	 S2,	Table	 S6).	 Species	 richness	was	 positively	 related	






Table	 S6).	 Species	 richness	was	 higher	 in	 field	 boundaries	 adjacent	
to	OSR	and	in	landscapes	with	a	higher	cover	of	SNH	(Figure	2a;	see	
Appendix	S2,	Figure	S1c).
3.3 | Local and landscape effects on community size
In	 the	 first	 year,	 the	 number	 of	 brood	 cells	 was	 best	 explained	
by	OSR	cover	 (Σwi	=	0.91)	or	FRearly (Σwi	=	0.98)	during	 the	mass-	
flowering	 (Figure	2b;	 see	Appendix	 S2,	 Table	 S7).	OSR	 cover	 and	





















3.4 | Top- down regulation by natural antagonists
















F IGURE  1 Mean	(±SE)	number	of	(a)	Osmia bicornis	and	(b)	non-	
O. bicornis	brood	cells	in	relation	to	year	(2011	and	2012)	and	season	
within	each	year	(during	OSR	flowering	and	after	OSR	flowering)
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OSR	flowering	(15%)	and	in	the	second	year	of	the	experiment	(22%)	
compared	to	the	first	year	(18%).
3.5 | The effects of bottom- up and top- down forces 
on community dynamics
The	piecewise	SEM	was	well	supported	by	the	data	(Fischer’s	C	=	7.88,	
df	=	12,	 p	=	.795)	 and	 none	 of	 the	 independence	 claims	 implied	 by	
the	 model	 were	 statistically	 significant	 (p	>	.05)	 suggesting	 that	 all	































effect	 on	 trap-	nesting	 bee	 population	 and	 community	 dynamics.	 In	
spring,	we	found	that	abundance	(in	both	years)	and	species	richness	
(in	the	second	year)	of	bees	significantly	increased	with	an	increasing	




































rate	 provided	 further	 evidence	 for	 resource	 limitation.	 This	 would	
suggest	 that	 experimentally	 enhanced	 populations	 by	 adding	 artifi-
cial	nesting	sites	are	closer	to	their	carrying	capacity	 limits	 (Steffan-	
Dewenter	&	Schiele,	2008).
Considering	 the	different	 resources	 that	were	available	over	 the	
season,	 MFCs	 benefit	 mainly	 O. bicornis	 populations	 that	 can	 uti-
lize	 this	 resource.	 In	 the	 first	year,	 during	OSR	 flowering,	we	 found	
an	increase	in	brood	cells	with	an	increasing	amount	of	early	season	
landscape-	wide	 FR	 availability	 (i.e.	mainly	 derived	 from	OSR	 fields).	
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on	 bee	 species	 richness.	As	 seen	 above,	 the	 availability	 of	 FRs	was	
relatively	stable	among	years	(see	Appendix	S2,	Tables	S10	and	S11),	
we	found	a	negligible	influence	of	crop	rotation	on	trap-	nesting	bee	




colonization	of	 nests.	However,	 the	positive	 relationships	with	 late-	
season	landscape-	wide	FR	availability	or	SNH	and	the	negative	rela-
tionships	with	LI	suggest	that	the	availability	of	alternative	resources	

































number	of	 brood	 cells	with	 increasing	 amount	of	OSR	 in	 the	 land-
scape	(Jauker	et	al.,	2012).	When	the	mass-	flowering	has	ceased,	this	
compensation	 disappears	 showing	 a	 significant	 density-	dependent	
relationship.	This	would	suggest	a	stronger	effect	of	natural	antago-
nists	on	small	populations	(Steffan-	Dewenter	&	Schiele,	2008).	This	
mechanism	was	 better	 elucidated	when	we	 verified	whether	 early	








growth	of	 bee	populations.	 Such	 findings	 further	 demonstrate	 that	
parasitism	rates	correlate	positively	with	the	local	and	regional	abun-
dance	of	hosts	 (Steffan-	Dewenter,	2003)	and	might	 imply	a	further	
accumulation	 of	 antagonists	 (but	 see	 Steffan-	Dewenter	 &	 Schiele,	
2008).	One	 limitation	of	this	study	 is	the	short	temporal	scale	used	
to	 disentangle	 the	 effects	 of	 top-	down	 forces	 on	 trap-	nesting	 bee	
community	dynamics.	For	 instance,	predator–prey	cycles	 can	often	
occur	over	long	time-	scales	and	this	could	explain	the	marginal	top-	
down	 regulation	 found	 in	 the	 study.	 Nevertheless,	 no	 support	 for	
top-	down	 regulation	by	natural	 antagonists	was	also	 reported	on	a	
longer	 time-	scale	 (Steffan-	Dewenter	 &	 Schiele,	 2008).	 Therefore,	
these	 results	 seem	 to	 suggest	 that,	 if	 sufficient	 food	 resources	 are	
available	in	the	surrounding	landscape,	the	effectiveness	of	trap	nests	














of	 trap	 nests	 could	 be	 a	 simple	 pollinator-	supporting	 strategy	 to	
accompany	 the	current	expansion	of	MFCs.	Adding	 trap	nests	de-
signed	by	varying	nesting	tube	diameter	can	support	a	large	diversity	






season	 landscape-	wide	FR	 availability.	 Trap	nests	 benefit	 not	 only	
early	generalist	bees	occurring	during	OSR	flowering	but	also	spe-
cies	with	 later	phenology.	Yet,	alternative	FRs	other	 than	OSR	are	







tion	 of	 complementary	 interventions	 aiming	 to	 enhance	 FRs.	 The	
establishment	of	wildflower	 strips	 (Scheper	et	al.,	2015)	or	hedge-
rows	(Dainese,	Montecchiari,	Sitzia,	Sigura,	&	Marini,	2017;	Dainese,	
Riedinger	et	al.,	 2017;	Morandin	&	Kremen,	2013)	 is,	 for	 instance,	
a	 simple	 strategy	 to	 create	high-	quality	habitats	 taking	 little	or	no	
land	from	crop	production.	These	interventions	should	be	targeted	
at	providing	continuous	bloom	over	 the	 season	 for	 supporting	 the	
greatest	diversity	of	wild	pollinators	(Scheper	et	al.,	2015;	Williams	
et	al.,	2015;	Wood,	Holland,	&	Goulson,	2017).	 In	 conclusion,	 trap	
nests	 in	 combination	 with	 other	 interventions	 that	 enhance	 FRs	
could	be	a	 successful	 strategy	 to	promote	 the	 recruitment	of	wild	
pollinators	 in	agroecosystems	and	potentially	 to	ensure	pollination	
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